Abstract Conducting genomic research in diverse populations has led to numerous advances in our understanding of human history, biology, and health disparities, in addition to discoveries of vital clinical significance. Conducting genomic research in diverse populations is also important in ensuring that the genomic revolution does not exacerbate health disparities by facilitating discoveries that will disproportionately benefit wellrepresented populations. Despite the general agreement on the need for genomic research in diverse populations in terms of equity and scientific progress, genomic research remains largely focused on populations of European descent. In this article, we describe the rationale for conducting genomic research in diverse populations by reviewing examples of advances facilitated by their inclusion. We also explore some of the factors that perpetuate the disproportionate attention on well-represented populations. Finally, we discuss ongoing efforts to ameliorate this continuing bias. Collaborative and intensive efforts at all levels of research, from the funding of studies to the publication of their findings, will be necessary to ensure that genomic research does not conserve historical inequalities or curtail the contribution that genomics could make to the health of all humanity.
Introduction
The importance of diversity and inclusion in genomic research has long been appreciated. Promoting genomic research in diverse populations could be described as predominantly motivated by two goals. First, as a matter of justice, individuals are expected to benefit most from genomic research conducted in individuals with a similar ancestral background to them. Failure to fully engage diverse populations at all levels of genomic research perpetuates already considerable health disparities. Second, including diverse populations in genomic research is not just the right thing to do for reasons of equity, it is a scientific imperative. The genomes of diverse individuals harbor a treasure trove of humanity's responses to challenges experienced by some or all populations: changes in climate, infectious diseases, diet, etc. It is beyond doubt that understanding how our bodies have responded to these challenges in a variety of circumstances could have significant impact on our understanding of biology and developing clinical interventions. Meanwhile, limiting our investigation into these genomic responses to scientifically well-represented populations certainly curtails progress in the entire field of genomics.
Achieving the aim of increasing diversity in genomic research, however, has been slow and uneven. As the literature warns, researchers should include underrepresented populations more often and materially in their research, describe diverse cohorts in specific and detailed ways, and engage marginalized communities meaningfully in the research process. These are important steps needed to achieve adequate diversity and sustained participation in genomic research. In appreciation of the necessity of including diverse populations in research, legislation was introduced in the USA in 1993 that provided guidelines for the inclusion of women and minority groups in federally funded or approved clinical research [NIH Revitalization Act of 1993 Public Law 103-43. Federal Register, 59FR14508] . Despite this legislation, participation in health-related genetic research among members of ethnic groups experiencing the greatest disparities, such as African Americans and Latinos, has remained limited (Oh et al. 2016) . A 2009 analysis reported the shocking statistic that 96% of the genomic studies were carried out in populations of European descent (Bustamante et al. 2011; Need and Goldstein 2009) . When this issue was revisited in 2016, encouragingly, the proportion of genome-wide association studies (GWAS) in samples from underrepresented populations had increased to 19%. Most of this increase, however, was limited to Asian ancestry samples, with other ethnic groups experiencing minimal increases (from 1 to 4%) (Popejoy and Fullerton 2016) . Now, considering the pace of change in the 20 years since the NIH mandated inclusion of diverse populations, it seems unlikely that current remedies are sufficient or that this dynamic will self-correct. Rather, it is imperative to examine the factors that appear to be perpetuating this inequality.
Scholars of various disciplines including genetics, ethics, and sociology have called attention to research norms that insufficiently prioritize the collection, annotation, and reporting of genomic variation among diverse populations over time, yet few effective changes have been made. In this article, we review the rationale for including diverse populations in genomic research, with a focus on African ancestry populations as an example, consistent with the authors' expertise. Then, given the modest advances despite the acknowledged need for an increase of diversity in genomic research, we provide an assessment of the barriers that are limiting genomic analyses in African ancestry populations. Finally, we report on ongoing efforts to increase diversity in genomic research and comment on other opportunities to promote this goal.
Why do genomic research in diverse populations?
Motivations to conduct research in the context of genetic diversity are numerous. Increased inclusion facilitates the understanding of health disparities, new discoveries in biology, more accurate matching of diverse patients with safe and effective treatments, improved interpretation of genetic tests, and better tracing of human history. Examples of each of these contributions of genomic research in diverse populations are described as follows.
Novel insights into health disparities
In recent years, genome scientists have begun to outline a role for genomic research to help reduce health disparities. As once estimated by the former US Surgeon General, Dr. David Satcher and colleagues, over 83,000 deaths occur every year because of health disparities between black and white patient populations (Satcher et al. 2005) . Genomic research can help shed light on the genetic influences on health disparities, as is the case with kidney disease, which occurs at a much higher prevalence among individuals with African ancestry (Friedman and Pollak 2011; Genovese et al. 2010; TarverCarr et al. 2002) . Variants in APOL1 are associated with dramatically increased risk of kidney disease of varying etiologies (Freedman et al. 2014; Genovese et al. 2010; Kasembeli et al. 2015; Kopp et al. 2011; Parsa et al. 2013 ) with odds ratios that may be the highest reported for a common variant: 29 and 89 for risk of HIV-associated nephropathy in African Americans (Kopp et al. 2011) and South African Blacks (Kasembeli et al. 2015) , respectively, and 17 for focal segmental glomerulosclerosis (Kopp et al. 2011) . These variants are common among individuals with African ancestry, but absent among those without African ancestry. It is important to note that all individuals with African ancestry and, thus, potentially this variant, may not self-identify or appear to have African descent. These kidney disease risk alleles are thought to be at high frequency, because they confer resistance against human African trypanosomiasis (BAfrican Sleeping Sickness^), perhaps in addition to other infectious diseases (Thomson et al. 2014) . The frequency of these variants and the magnitude of the effect translate into not only a large public health burden but also a significant potential to ease this burden if targeted interventions are discovered. Also, uncovering this genetic risk factor has led to significant advances in understanding the pathophysiology of kidney disease (Julian et al. 2016; Ku et al. 2017; Ma et al. 2016; Peralta et al. 2016) . APOL1 exemplifies how a genetic variant can contribute to ethnic disparities in disease risk. Long-observed ethnic disparities in kidney transplantation outcomes have been attributed to this variant (Reeves-Daniel et al. 2011) .
Understanding human biology
Including diverse populations in genomic research can help to facilitate new understanding of human biology important for clinical practice and public health. Variants that are present only or only at sufficient frequency in diverse populations, of course, can be evaluated exclusively or more efficiently in these populations. Thus, any insights latent in the association between these variants and traits of interest can only be uncovered by studying diverse populations. For instance, rare nonsense variants (genetic alterations that cause the premature termination of a protein) in PCSK9 found in higher frequency in African Americans are associated with dramatic reduction in low-density lipoprotein cholesterol concentration (LDLC; 28-40%) (Cohen et al. 2005 (Cohen et al. , 2006 and concomitant decrements in coronary heart disease risk (88%) (Cohen et al. 2006) . These variants were present in individuals of European descent, but in such limited numbers as to preclude analysis (0.006 vs. 2.6% carriers in African ancestry individuals) (Cohen et al. 2006) . It has been suggested that these variants may be in higher frequency among African ancestry individuals as a result of selection pressures due to malaria, though this may also reflect genetic drift (Horton et al. 2007 ). Efforts to exploit this genetic phenomenon pharmacologically are promising. Two monoclonal antibody PCSK9 inhibitors, evolucumab and alirocumab, have been approved widely for use either alone or in combination with statins after demonstrating that they are well tolerated and effective at reducing LDLC (Gouni-Berthold et al. 2016; Roth et al. 2016) and, for evolucumab, risk of cardiovascular outcomes (Sabatine et al., 2017) . Inclisiran, a synthetic small interfering RNA (siRNA) that reduces PCSK9, has recently been shown to be effective in reducing LDLC in a phase 2 clinical trial, with phase 3 trials underway (Ray et al. 2017; Fitzgerald et al. 2017; Sheridan 2013) . Notably, despite the importance of African American genetic variation in identifying this locus, drugs targeting PCSK9 have the potential to benefit the large number of individuals, not solely African Americans, who are at risk of this leading cause of mortality.
Improving clinical care
Diversity and inclusion in genomic research can provide needed data and guidance to physicians to help them to make better decisions for patients of diverse ancestry at the point of clinical care. Pharmacogenomics is a promising area of genomic medicine that increasingly allows providers to choose particular drugs and dosages based on the patients' genetic profiles. One good example involves the ability of physicians now to predict the potential for a toxic effect and adverse reaction among patients who carry the HLA-B*5701 allele. Between 4 and 8% of the patients with HIV who are prescribed the drug abacavir experience abacavir hypersensitivity syndrome (AHS), a serious and potentially life-threatening response. Early clinical trials demonstrated that screening for the HLA-B*5701 allele substantially reduced the incidence of AHS. Since the incidence of AHS in European populations was 5 to 8% and much lower in other populations, including Bblack^and BAfrican^individuals, it was recommended that screening for HLA-B*5701 occur in European populations. It was not until investigators explored the global distribution of the HLA-B*5701 variant that the inadequacy of the broad racial labels to describe AHS risk was apparent (Rotimi and Jorde 2010) . The prevalence of HLA-B*5701 in the Kenyan Masai group was 13.6% (more than double that in European samples) and absent among the Yoruba in Nigeria. Genetically, and not racially, guided prescription of abacavir is now the standard of care for the treatment of HIV.
Informing genetic diagnoses
Including diverse populations in genomic research generates appropriate data for genetic diagnosis. Hypertrophic cardiomyopathy is a case in point, as it varies by ethnicity, with higher prevalence among African ancestry individuals (Maron et al. 1995; Movahed et al. 2010) . The clinical presentation of hypertrophic cardiomyopathy can vary considerably, and identifying a pathogenic variant is a useful tool for establishing a diagnosis. Some of the pathogenic variants for this condition were found at a frequency in the African American general population that was unexpectedly high for a causative variant for this severe condition. Yet, it is likely that these variants were misclassified due to their rarity among white populations, in whom original analyses were conducted, while interrogation among African ancestry healthy controls would have established them as benign. Unfortunately, these historical failures to include diverse controls in analyses have led to individuals and their family members, of all ethnicities but more frequently of African ancestry, receiving an incorrect diagnosis with potentially significant impact on life choices (Manrai et al. 2016 ). This case exemplifies how not including diverse participants in genomic research can cause worse clinical care for individuals with African ancestry.
Describing human history
Increasing diversity in genomic research is critically important to the global efforts to develop a comprehensive catalog of genetic variations to address fundamental questions about human origin, peopling of the world, genetic admixture, and adaptive capabilities to different environmental conditions, all of which have played a role in shaping health and disease (Nielsen et al. 2017) . Additional insights being gained include deeper understanding of the scope and extent of genetic diversity across the African continent despite current underrepresentation of Africans in genomic research (Genomes Project et al. 2015; Gurdasani et al. 2015; Shriner et al. 2014) . Scientists are noting how highly subdivided African genomes are, with population structure across Africa currently recognized as comprising 11 ancestries that correspond to a combination of geographic and linguistic separation. By comparison, 12 ancestries have been identified in the rest of the world (Rotimi et al. 2016; Shriner et al. 2014) . Furthermore, African populations display evidence of both ancient and modern migrations, including the well-described Bantu expansion with movement of the speakers of this language from their homelands in the present-day areas of Nigeria and Cameroon to other regions of sub-Saharan Africa (Nielsen et al. 2017) . Thus, application of the new high-throughput sequencing and genotyping technologies to a more systematic collection of DNA across Africa, especially the sub-Saharan region, promises to provide even greater insights into human history and how the evolutionary need to adapt to environmental challenges, such as climate, exposure to infectious agents, and diet has shaped human genomes (Genomes Project et al. 2015; Gurdasani et al. 2015; Rotimi et al. 2016 ).
Barriers to diversity and inclusion in genomic research
Given the scientific and equity motivations for including diverse populations in genomic research, and the contrasting underrepresentation in published results, it is reasonable to ask whether current approaches are enough to effect change. Some of the most critical barriers to diversity and inclusion, for instance, receive little attention in the public discourse. Further, proposed strategies for addressing these and other more prominent challenges have been limited. Key challenges to diversity and inclusion in genomic research are described as follows and summarized in Table 1 .
Lagging diversity within the scientific community
An overarching concern is that more diverse representation at all levels of research is sorely needed-from the participants included to the reviewers of proposals to the scientists conducting the research. Scientists from low-resource settings, minority backgrounds, and diverse ethnic groups are grossly underrepresented in all of these areas (Ginther et al. 2011; Oh et al. 2015; Panofsky and Bliss 2017; Science and inequality 2016) . The underrepresentation of scientists from diverse ethnicities and environmental backgrounds may lead to the loss of hypotheses and priorities that experts with different perspectives would bring to genomic research. For instance, an Ethiopian scientist achieved the first GWAS of the neglected tropical disease, podoconiosis (Tekola Ayele et al. 2012 ), a significant cause of morbidity and stigma in Ethiopia, but rare among populations with thriving genomic research communities. The same researcher has been able to interpret signals of recent selection within the genomes of Ethiopian individuals in the context of dietary use of the crop enset (Tekola-Ayele et al. 2015a), an insight which would be difficult for a nonEthiopian researcher to achieve. Since investigators may have personal connections and interests related to the communities that they aim to serve, diversity and inclusion among investigators, as well as incentives for investigators to return to their communities for ongoing research, access, dissemination, and benefit sharing, could open new areas of opportunity for important and sustained studies.
Limited engagement
When considering the shortfalls in genomic research participation among minority communities, scientists emphasize policies and barriers related to recruitment and sustained enrollment. Few models have been proposed, however, that stress sustained engagement and enthusiasm about genomic research (Tindana et al. 2015) . Empirical evidence has shown, Analytical challenges of diversity Development of new strategies to address genomic and environmental diversity in analyses Joint association and admixture mapping (BMIX) for instance, that trust is a critical component in the participants' views regarding important ethics and legal challenges in genomic research, such as data sharing (Trinidad et al. 2010) . Participants have emphasized the need for trustworthy governance policies to increase their comfort levels with genomic research, so that scientific advancement does not occur at the expense of participating communities (McDonald et al. 2008; Yarborough et al. 2009 ). Research should go further to gain insight into perspectives on partnerships, benefit sharing, and ongoing community engagement throughout the course of a genomic study (Tindana et al. 2015) . Engagement with the participants and participating communities before and during the research process as well as after a particular research study is over could have long-term benefits for both genomic research and patient communities, especially with regard to communication and sustained interest among community partners. Historical and international examples hold lessons for the genomic research community. In the USA, discoveries in Tay-Sachs disease research enabled clinicians along with synagogues and community centers to implement community-based Tay-Sachs disease carrier screening programs. The researchers' and clinicians' long-term involvement with at-risk families contributed to a screening program viewed by others as largely successful (Burke et al. 2011) . On the other hand, misunderstandings in genetics related to the differences between sickle cell trait and sickle cell disease, racial tensions, lack of prenatal diagnostic testing at the time, and insufficient community involvement and support for many screening programs were some of the many reasons that carrier-screening programs for sickle cell disease failed in the 1970s (Burke et al. 2011) . The legacy of sickle cell screening programs, the Tuskegee Syphilis experiments, and widely read books that draw attention to a divide that sometimes occurs between researchers' goals and research participants' expectations, such as The Immortal Life of Henrietta Lacks (Skloot 2011), continue to be cited as reasons for lack of trust and low recruitment rates among African Americans to genomic research. Enhanced engagement with diverse communities provides an opportunity to improve recruitment and build trust.
Around the globe, investigators have provided much needed examples of meaningful community engagement. The International Haplotype Mapping project (HapMap), for instance, incorporated community input into research recruitment and sampling processes (Rotimi et al. 2007 ). The Malaria Genomic Epidemiology Network (MalariaGEN), a scientific network of 36 countries investigating malaria and biology, provides a good example of an international project that aims to build long-lasting relationships to support collaborative science (Malaria Genomic Epidemiological 2017). Such partnerships are overcoming barriers to trust created by historical research abuses and exploitation internationally in underrepresented communities.
BPreferred Cohort^effect
A key factor in the perpetuation of disproportionate research participation is that European ancestry cohorts remain the Bpreferred cohort^for genomic analyses-the vast majority of the well-characterized, well-studied genomic research cohorts are of European ancestry populations. Historically, the genetic research community has focused on European ancestry populations, which has led to large available sample sizes from European ancestry cohorts. Sample size is a key factor on which genomic research is currently judged, particularly as focus shifts to lower frequency variants. Thus, in order to meet the expectations of reviewers, investigators are more likely to study cohorts that are predominantly of European ancestry. Furthermore, a study of a novel hypothesis or method may include a well-studied cohort or consortia so that results can be evaluated in terms of previous findings, instead of having the additional potential effect of ethnicity to evaluate. The scientific communities' emphasis on publishing high-quality research in a timely manner, though a noble goal, may also encourage the repeated use of well-characterized, predominantly European ancestry, cohorts.
In addition, the implications of genomic diversity, itself, may lead investigators to prefer to conduct studies in European ancestry populations. The relatively higher linkage disequilibrium in European ancestry populations means that, on average, a genotyped variant in these individuals Btags^a larger proportion of genetic variation than the same variant genotyped in African ancestry individuals. In the context of GWAS, then, conducting analyses in European ancestry populations is more efficient for the discovery of associations. Out of concern for errors due to population structure and to maintain the genetic Bhomogeneity^of the sample, even studies with some individuals of diverse ancestry may exclude them from analysis.
As GWAS of diverse populations are becoming increasingly available, consortia are including these populations in their analyses, but the preference for presenting European ancestry results is apparent. In many studies, although investigators may have a sufficient sample size from diverse populations to conduct scientifically valid analyses, the results are often summarized only as a comment on the generalizability of the Bmain^results from the European ancestry analyses. The data from analyses in diverse populations, meanwhile, may be presented only in the supplementary text. This represents a missed opportunity for the genomics of diverse populations. Additionally, it has the consequence of representing the findings in the larger European cohorts as Bcanon^or Bstandard,â gainst which findings in other ancestry groups may be measured. As a result of this, novel findings in diverse populations face an additional burden of proof. Peer reviewers may ask, for instance, Bwhy hasn't this already been found in the larger studies of European ancestry populations?^Where the difference is not readily explained through interethnic allele frequency differences, novel findings in diverse populations may face additional hurdles in the peer review and publication process. For instance, a large meta-analysis of African Americans (Ng et al. 2014 ) discovered a novel type 2 diabetes locus at INS-IGF2 but faced skepticism at peer review as this locus had not been previously identified in this context. Suggestive evidence for replication in Africans for this locus has now been observed (Adeyemo et al. 2015) .
Flawed comparisons
In some ways, the very success of GWAS conducted in European ancestry populations inhibits the publication of studies in diverse populations. Although the first GWAS efforts in European ancestry populations were relatively small, large meta-GWAS in European ancestry publications have now aggregated data on hundreds of thousands of individuals for common traits. The reviewers' expectations of GWAS have advanced along with these newer publications, as would be expected. For GWAS of diverse populations, however, which have not yet reached such sample sizes, this change in perspective may prove to be a hardship. As an example, the first GWAS of type 2 diabetes in sub-Saharan Africans was moderately sized (n = 1775) in terms of early GWAS in European ancestry populations (Scott et al. 2007; Sladek et al. 2007 ), but was reviewed through the lens of current GWAS in more well-represented populations, and had to be repackaged as a replication effort for publication (Adeyemo et al. 2015) . To date, no GWAS of type 2 diabetes in Africans has been published.
The observation that no GWAS of type 2 diabetes and most other common traits has yet been conducted in Africa is in contrast to the declaration that we are now in a Bpost-GWASê ra (Huang 2015; Li et al. 2012; Polychronakos and Alriyami 2015) , an indication of the field's waning interest in this type of analysis. However, the promise of GWAS, which has yielded incredible successes (Price et al. 2015) , is still largely unrealized among African ancestry populations. Categorizing GWAS in sub-Saharan Africans provides important context for this statement, in whom the spectrum of published GWAS predominantly reflects infectious disease-related traits (tuberculosis (Chimusa et al. 2014; Thye et al. 2012 Thye et al. , 2010 , malaria (Band et al. 2013; Jallow et al. 2009; Malaria Genomic Epidemiology et al. 2015; Milet et al. 2016) , and HIV (Joubert et al. 2010; Lingappa et al. 2011; Petrovski et al. 2011) ), although there are also GWAS for blood cell traits (Mtatiro et al. 2014; Ramsuran et al. 2011) , height (Kang et al. 2010; N'Diaye et al. 2011) , and the neglected tropical disease podoconiosis (Tekola Ayele et al. 2012) . What remains grossly understudied are chronic disease-related outcomes, currently limited to BMI (Kang et al. 2010) , plasma homocysteine (Kim et al. 2016) , metabolic syndrome (TekolaAyele et al. 2015b), prostate cancer (Cook et al. 2014) , and a replication and transferability analysis for type 2 diabetes (Adeyemo et al. 2015; Welter et al. 2013) . While GWAS in European ancestry populations may have identified all of the common variants with appreciable influence on many traits, marking the declining usefulness of standard GWAS approaches, GWAS in diverse populations are far from exhaustive. Failure to judge efforts in diverse populations within the context of the literature on those populations inhibits the advancement of this research.
Technological limitations
The goal of adequately representing diverse populations in genomic research is hampered by technological challenges. Large-scale genomic research depends on adequate capture of the sequence variation present in the individuals under study. Many of the commercial chips that are used to genotype participants were developed using DNA samples from almost entirely non-African ancestry persons. These chips are therefore less efficient for interrogating the genomes of Africans, because they are less likely to adequately represent the common genetic variants seen in African ancestry populations. This introduces a significant limitation to evaluating the variation among African ancestry individuals that might be important in disease risk. The largest type 2 diabetes GWAS in African Americans was only able to cover 43.3% of the common variants expected based on sequence data of African Americans (Ng et al. 2014 ). An array specifically designed using studies of African genetic diversity (Affymetrix Axiom© PanAFR) dramatically increased coverage compared to previously available arrays, but the coverage was still markedly less than those achieved for those of Asian and European ancestry using the same chip (Ha et al. 2014) . Thus, the proportion of genetic variation that has been evaluated with respect to disease risk has been less in African ancestry populations.
Analytical challenges of diversity
Finally, genomic diversity itself requires additional analytical consideration. The degree of genomic diversity is the highest among African ancestry populations, as a result of population history. As mentioned earlier, this diversity necessitates a larger number of variants in order to tag the same amount of variation as in European ancestry populations and the resulting decrease in power must be offset with a larger sample size. Thus, simply attaining a similar number of African ancestry individuals as are found in European ancestry studies may not yield a comparable number of findings. This, however, may not adequately address the implications of this diversity: given the remarkable genetic diversity among African ancestry populations, the monolithic categorization of these individuals may be inappropriate (Rotimi et al. 2016) . How should these individuals be meaningfully subdivided for genomic analysis? A study combining data from Nigeria and Ethiopia may be as analytically questionable as analyzing African and European Americans together. Similarly, great genetic diversity among African Americans has been noted (Mathias et al. 2016; Rotimi et al. 2016) . How appropriate is the analysis of African Americans as a single entity given their descent from very diverse ethnic groups across the continent of Africa? The strategies for addressing this genomic diversity remain to be fully explored, but it is clear that BAfrican ancestry^is an overly simplistic label for the complexity of the genomes of those of African descent.
In addition to genetic complexity represented by African ancestry populations, there is also considerable heterogeneity in environmental context among individuals in the diaspora, affecting factors that are certain contributors to disease risk: diet, physical activity, socioeconomic status, stress, infectious disease exposure, smoking, alcohol consumption, healthcare access, and healthcare beliefs, etc. (Bentley and Rotimi 2012; Rotimi et al. 2016) . Although level of education may be collected in studies of both African Americans and West Africans, the meaning of these categorizations will be much different in terms of socioeconomic background in these two environments. Appropriately accounting for such factors is complex and, again, will necessitate careful sampling strategies by researchers who are knowledgeable of the communities under study.
The presence of admixture, often thought of in terms of African Americans in genomic research, has been found to be much greater than initially thought. In a study of worldwide populations, 97.3% of the individuals showed mixed ancestry (Baker et al. 2017; Shriner et al. 2014) . New analytical strategies that account for, and take advantage of, admixture in the context of African Americans are emerging, such as joint association and admixture mapping (Shriner et al. 2011) . Beyond admixed individuals who fall into categories that are represented in genomic research (e.g., African Americans and Hispanics), there are also an increasing number of individuals within the USA who self-identify with more than one racial or ethnic group and find census categories insufficient to capture their identities (Cohn 2015) . As racial and ethnic identities continue to change and become more complex, new strategies to represent these individuals in genomic research are needed. Individuals who self-identify with multiple ancestries may be excluded from analyses as outliers (Bryc et al. 2015; Moore et al. 2017; Wells 2012) . Separate analysis of these individuals is not reasonable using current strategies because of fewness of numbers, especially within categories of ancestry. Individuals of all ancestries, no matter how complex, deserve to be represented in genomic research, yet methods to achieve this goal may need to be developed.
Improving diversity and inclusion
The challenges outlined previously, although significant, are surmountable. There are initiatives underway that demonstrate successes in building capacity, developing resources, and overcoming technological limitations. These ongoing efforts are notable, yet other strategies, such as incentivizing diversity, may be necessary to develop an environment that fosters genomic research in diverse populations.
Building capacity in Asia
A success story in advancing genomics in non-European descent populations is taking place in Asia, where genomic research infrastructure and yield have been increasing rapidly. From 2009 to 2016, the proportion of GWAS participants that are of Asian ancestry has increased from 3 to 14% (Popejoy and Fullerton 2016) , a remarkable achievement in terms of diversification of genomic research. Additionally, of GWAS involving only Asian participants, the vast majority (~93%) were conducted in Asian countries (Popejoy and Fullerton 2016) . The meteoric rise in genomic capacity in China during that time appears to depend on four salient enabling features. First, and most importantly, the development in genomic resources is a priority of the Chinese government. BGI, formerly known as the Beijing Genomics Institute, received a 10-year US$1.58 billion loan from the China Development Bank in 2010 (Cyranoski 2012) , which facilitated the largest purchase of sequencer instruments in history, and enabled BGI to become the world's most prolific DNA sequencer (Larson 2013) . The Chinese government created the China National Genebank and other biobanks (Zhang et al. 2015) . The government is also championing precision medicine (Cyranoski 2016) and recently announced a US$9.2 billion precision medicine initiative (Russell 2016) . Secondly, genomic companies, particularly BGI, became significant providers of sequencing and analysis for institutions and companies worldwide. These efforts supply the company with steady and increasing economic resources for research and further development (Cyranoski 2012) . Third, while the advances in genomic research are relatively recent, China already had a welldeveloped and stable academic, research, and medical infrastructure with an emphasis on centralization. In such an environment, additional resources could facilitate efficient development of genomic expertise and capacity. Finally, the value of genetic testing has been appreciated in China for many years, and prenatal genetic testing is widely available through public health services (Zhao et al. 2013) . Thus, an understanding of the potential value of genomics was already established to some degree. While the confluence of the factors supporting a genomics revolution in China may be unique to that country, it would be worthwhile to investigate how these successes might inform capacity building in other regions of the world.
Resource development
Notable efforts to increase representation of diverse participants in high-quality studies are currently underway, including the BAll of Us^Research Program (Collins and Varmus 2015) in the USA and the Human Health and Heredity in Africa (H3Africa) Initiative (The H3Africa Consortium 2014), among others. Researchers in the USA will soon go beyond investigating medical interventions for the average patient to assessing how to tailor therapies to individuals based on their genomic data. The federally funded All of Us program, part of the federal Precision Medicine Initiative, envisions a largescale research effort that will enroll one million or more volunteers to share their lifestyle, environment, and genetic information with investigators. Importantly, the organizers aim to build a cohort that reflects the diversity of the US population in terms of social, ethnic, ancestral, geographic, economic, and health status, as well as age (Collins and Varmus 2015) . In Africa, considerable resource building is occurring as part of the H3Africa initiative, a collaboration among the African Society of Human Genetics, the National Institutes of Health, and the Wellcome Trust (Ramsay et al. 2015) (http://www. h3africa.org/ accessed March 8, 2017). These initiatives are enrolling more than 75,000 African participants from 27 African countries in genomic research on a diverse range of outcomes. These data are certain to change the landscape of genomic research. In addition to this groundbreaking work, there is also a notable focus on diversity in a range of new genomic initiatives, including the Trans-Omics for Precision Medicine (TOPMed) Program, which will provide a variety of -omics data for the Precision Medicine Initiative (https://www. nhlbi.nih.gov/research/resources/nhlbi-precision-medicineinitiative/topmed), and the Population Architecture using Genomics and Epidemiology (PAGE) Consortium, whose next phase (PAGE II), will genotype approximately 50,000 individuals from non-European cohorts (https://www. genome.gov/27541456/population-architecture-usinggenomics-and-epidemiology/). These efforts are poised to provide greatly increased data to the field, undoubtedly improving subsequent genomic discoveries.
The H3Africa initiative represents a recognition that bringing Africa into the genomics revolution, however, necessitates more than the provision of samples. To facilitate genomic research in Africa, this initiative is addressing multiple levels of capacity building. H3Africa funds are given to African investigators working in African institutions. The initiative has funded research projects, collaborative centers, ethics projects, biorepositories, and a pan-African bioinformatics network (Mulder et al. 2016) . Data governance policies encourage data sharing but also prioritize the investigators in Africa who collect and produce the data, so that they may develop their own research portfolios. Training of young African scientists is a priority of all funded projects. The effects of this initiative will be felt for many years, fostering of a vibrant research community of investigators on the continent who are world-class contributors to the field of genomics (Ramsay et al. 2015) .
Advances in genotyping technology
The serious technological deficiency in coverage of the genetic diversity in African ancestry individuals is an area of considerable current effort. The relatively recent development of chips, such as the MEGA and the Affymetrix PanAFR arrays, based on DNA samples from more African ancestry populations, has improved coverage. The H3Africa initiative has taken these recent achievements several steps forward by spearheading the development of a new genome-wide chip based on the sequencing of Africans sampled from more ancestral backgrounds across sub-Saharan African populations than ever before (Ramsay et al. 2015) . This unprecedented African-enriched genotyping chip promises to be more costeffective and scientifically efficient than previous generations of genome-wide genotyping chips.
Incentivizing diversity
A key strategy for building diversity in genomic research that has not received enough attention is incentivizing diversity and discouraging lack of diversity. As mentioned earlier, while the NIH has passed research requirements to advance diversity and inclusion in research, as one prominent scientist has argued, they have been unsuccessful in enforcing these laws (Editors et al. 2016) . Over time, the failure to hold researchers accountable has led to increased ethnic disparities (Editors et al. 2016) . Given that the generally acknowledged need for increased diversity in genomic research has not, on its own, led to increased diversity, it may be reasonable to incentivize diversity at the level of the gatekeepers of genomic research: funders and editors. For instance, funders could reflect the potential of a proposed study to increase diversity in genomic research in the scoring for that study. Editors and reviewers should call researchers to account for submissions that either perform cursory analysis or reporting or entirely exclude diverse samples. Such a strategy has been successful in the transformation of the field in terms of data sharing. When the NIH mandated and top journals insisted on deposition of data to databases for broad sharing, that became the standard in genomic research. A similar insistence regarding the attention to diversity could have an enormous impact on genomic research.
Data and biospecimen sharing
Like diversity and inclusion, responsible data and biospecimen sharing is a scientific imperative (Knoppers 2014) (https://genomicsandhealth.org/). Dr. George Gey shared cells generated from Henrietta Lacks' immortal cell line widely among investigators in the 1950s while in search of a cure for cancer (Skloot 2011) . Funders and investigators involved with the Human Genome Project and genomic advancements since then continue to emphasize global data sharing and to require that data be distributed in shared open access and limited access databases, such as the database of Genotypes and Phenotypes (dbGaP) and the European Genotype Archive, for the benefit of all researchers globally (Kaye et al. 2009 ). All of the challenges described herein related to diversity and inclusion require a nuanced and careful data-sharing approach. Individual authorship, acknowledgement, and recognition of data collectors and principal investigators from low resource and underrepresented settings are necessary to provide diverse investigators adequate opportunity for professional advancement (Kaye et al. 2009; Rotimi and Mulder 2014) . This is one reason why, as alluded to previously, H3Africa provides African researchers with 23 months of protected time prior to data publication by outside researchers to protect the original collectors of said data from unfair competition in publishing (de Vries et al. 2015; . Public trust, oversight, and long-lasting relationships with communities who participate in genomic research are required to advance both data sharing and diversity and inclusion-two major components of genomic research that must advance symbiotically for genomic research to benefit all.
Conclusions
As highlighted by the examples provided previously, insufficient diversity and inclusion in genomic research have ethical and scientific consequences. Individuals with African ancestry are not receiving the same level of care as individuals of European ancestry due to limitations in available data. Further, all populations are harmed when scientific advancements are stalled by gaps in research and policies that impair discovery. In the USA, where the vast majority of health research is federally funded through the NIH, the failure to adequately represent the diversity of the taxpayers raises fairness concerns.
Importantly, the disparities in genomic research, and in general biomedical research, that have been maintained, particularly with regard to African and Hispanic ancestry individuals, will not be ameliorated without concerted effort. While simply increasing the number of well-characterized diverse samples will be of tremendous importance moving forward, there remain other issues that need to be considered in order to effectively represent diverse genomes in research. This lack of diversity is a failing that the genomics community must address in order to ensure that the stories that we discover encoded in our DNA-of history, health risk, and adaptation-represent us all.
